1 Arabidopsis thaliana has 14 abscisic acid (ABA) receptors-PYR1/PYLs/RCARs-which 2 have diverse and redundant functions in ABA signaling; however, the precise role of these 3 ABA receptors remains to be elucidated. Here, we report the functional characterization of 4 RCAR5/PYL11 in response to cold stress. Expression of RCAR5 gene in dry seeds and 5 leaves was ABA-dependent and ABA-independent, respectively. Under cold stress 6 conditions, seed germination was markedly delayed in RCAR5-overexpressing 7 (Pro35S:RCAR5) plants, but not in Pro35S:RCAR5 in ABA-deficient (aba1-6) mutant 8 background. Leaves of Pro35S:RCAR5 plants showed enhanced stomatal closure-9 independent of ABA-and high expression levels of cold, dehydration, and/or ABA-10 responsive genes; these traits conferred enhanced freezing tolerance. Our data suggest that 11 RCAR5 functions in response to cold stress by delaying seed germination and inducing rapid 12 stomatal closure via ABA-dependent and ABA-independent pathways, respectively. 13 14
Cold stress-induced germination delay of Pro35S:RCAR5 seeds occurs via an ABA-1 dependent pathway 2 Pro35S:RCAR5 seeds showed high expression levels of ABA-responsive genes; hence, we 3 postulated that RCAR5 overexpression delays seed germination via an ABA-dependent 4 pathway. WT and Pro35S:RCAR5 seeds were placed on 0.5 MS medium supplemented 5 with norflurazon (NF)-an ABA biosynthesis inhibitor-and germinated at 4°C in the dark.
6
Supplementation with NF increased the germination rate in a dose-dependent manner; 7 notably, at 14 DAI, the germination rate of Pro35S:RCAR5 seeds was 2-6 fold higher in the 8 presence than in the absence of NF ( Fig 3A and B ). This enhanced germination was 9 observed at all the investigated time points. In contrast, at 16 DAI, we observed no influence 10 of NF on germination of WT seeds. In contrast to NF, ABA strongly inhibited seed 11 germination and caused a 4-day delay in germination of WT seeds (Fig 3C) . At 18 DAI, the 12 germination rates of WT and Pro35S:RCAR5 seeds on 0.5 MS medium supplemented with 13 0.75 μM ABA were 77.1% and <3%, respectively. As predicted, NF was antagonistic to ABA-14 mediated inhibition of seed germination. In the presence of NF, the germination rate of WT 15 seeds at 14 DAI was 48.2-64.5% (vs. 5.6% in the absence of NF); moreover, in the 16 presence of ABA, NF enhanced germination of Pro35S:RCAR5 seeds by up to 26%. To 17 verify germination delay of Pro35S:RCAR5 seeds using genetic analysis, we overexpressed 18 RCAR5 in the ABA-deficient mutant aba1-6 (Pro35S:RCAR5/aba1-6; Appendix Fig S2A) and 19 analyzed the relationship between RCAR5-mediated ABA signaling and delayed seed 20 germination under cold stress conditions. At 4°C, the germination rate of aba1-6 seeds was 21 1.3-1.9-fold higher than that of WT seeds; moreover, germinated aba1-6 seedlings had 22 longer radicles than WT seedlings ( Fig 3D and E) . RCAR5 overexpression did not alter the 23 germination rate of aba1-6 mutants at 4°C. However, similar to Pro35S:RCAR5 seedlings,
24
Pro35S:RCAR5/aba1-6 seedlings were more sensitive to ABA-as measured by lower seed 25 germination rates and shorter radicles-than were aba1-6 seedlings (Appendix Fig S2B-E) .
1
Owing to this ABA hypersensitivity, application of exogenous ABA strongly inhibited 2 germination of Pro35S:RCAR5/aba1-6 seeds under cold stress conditions ( Fig 3F) . Our data 3 suggest that RCAR5 contributes to cold stress-induced delay of seed germination via an 4 ABA-dependent pathway. To examine the mechanism whereby germination of Pro35S:RCAR5 seeds is delayed under 9 cold stress conditions, we genetically analyzed the downstream components of RCAR5 in 10 ABA signaling. Yeast two-hybrid and bimolecular fluorescence complementation assay (BiFC) 11 analyses revealed the interaction of RCAR5 with HAB1 and PP2CA (Appendix Fig S3A and 12 B); RCAR5-HAB1 interaction occurred in the nucleus and cytoplasm, whereas RCAR5-
13
PP2CA interaction occurred only in the nucleus. The expression levels of HAB1 and PP2CA 14 in seeds decreased after stratification or imbibition during germination (Appendix Fig S4A   15 and B) and increased in cold stress-treated seeding (Appendix Fig S4C-D) . Loss-of-function 16 mutants of HAB1 and PP2CA showed ABA hypersensitivity during germination and seedling 17 growth (Appendix Fig S3C and D) (Lim et al., 2014 , Saez et al., 2004a . Consistently, under 18 cold stress conditions, seed germination and seedling growth were more strongly inhibited in 19 hab1 and pp2ca mutants than in WT plants; however, at 16 DAI, the germination rates of 20 hab1 and pp2ca mutants were similar to those of WT plants (Appendix Fig S3C and D) . We 21 previously reported that HAB1 acts downstream of RCAR5 in ABA signaling (Lim & Lee, 22 2015); hence, we examined the functional relationship between HAB1 and RCAR5 during 23 seed germination at 4°C. In contrast to hab1 seeds, Pro35S:HAB1 seeds germinated more 24 rapidly than WT seeds ( Fig 4A and B) . At 13 DAI, the germination rate of Pro35S:HAB1/Pro35S:RCAR5 seeds did not differ significantly from that of Pro35S:RCAR5 1 seeds; thereafter, the germination rate of Pro35S:HAB1/Pro35S:RCAR5 seeds was 2 significantly higher than that of Pro35S:RCAR5 seeds. Our results indicate that HAB1 3 overexpression compromises RCAR5-induced ABA hypersensitivity in 4 Pro35S:HAB1/Pro35S:RCAR5 seeds; these findings are in agreement with our ABA 5 hyposensitivity data (Appendix Fig S4E-I) .
6
Next, we used the ABA-insensitive-abi5 [designated as abi5-8 by Zheng et al.
7
(2012b)]-mutant. As a bZIP transcription factor, ABI5 is mainly expressed in dry seeds and 8 plays a positive role in ABA signaling during seed germination and early seedling growth (Finkelstein & Lynch, 2000 , Lopez-Molina et al., 2001 . abi5 mutants showed ABA 10 hyposensitivity (Zheng et al., 2012b) , whereas ABI5-overexpressing plants were 11 hypersensitive to ABA (Lopez-Molina et al., 2001) . We overexpressed RCAR5 in abi5 12 (Pro35S:RCAR5/abi5) mutants; ABA sensitivity-as measured by germination rate and 13 seedling establishment-of these mutants was similar to that of abi5 mutants (Appendix Fig   14   S2F -J). Based on the observed ABA hyposensitivity, we predicted increased germination of 15 abi5 and Pro35S:RCAR5/abi5 seeds under cold stress conditions. However, the germination 16 rate of abi5 seeds was lower than that of WT seeds, although the difference was not 17 significant; moreover, at 18 DAI, abi5 seedlings were smaller than WT seedlings ( Fig 4C and 18 D). Pro35S:RCAR5/abi5 seed germination at 4°C was markedly delayed; however, 19 germination rates were significantly higher than those of Pro35S:RCAR5 lines and 20 significantly lower than those of WT seeds ( Fig 4D) . Our data suggest that cold stress-
9

21
induced delay in the germination of the Pro35S:RCAR5 lines is regulated by HAB1, but not 22 by ABI5. To investigate the functional role of RCARs in leaves in response to cold stress, we analyzed 2 expression patterns of RCARs in Arabidopsis leaves in response to cold stress (4°C). In the 3 eFP browser (Winter et al., 2007) , several RCARs were downregulated by cold stress;
4 however, no data on RCAR4, RCAR5, RCAR6, or RCAR7 that have much lower expression 5 levels in the leaves relative to the other RCARs were available (Appendix Fig S5A- whereas the expression levels of RCAR1, RCAR2, RCAR5, and RCAR6 were strongly 10 induced (>2-fold) relative to the control ( Fig 5A) . RCAR5 showed the highest induction level 11 (up to 4-fold). ABA deficiency did not alter the expression level of RCAR5 in WT leaves
12
(Appendix Fig S5D) . To examine whether cold stress-induced RCAR5 expression occurs in 13 an ABA-independent manner, we analyzed the expression pattern of RCAR5 in the ABA-14 deficient mutants aba1-6 and aba1-3 (Ler background) and the ABA-insensitive mutant abi5 15 under cold stress conditions. Similar to data obtained using the Col-0 ecotype ( Fig 5A) , the 16 investigated mutants showed gradual expression of RCAR5 in rosette leaves in response to 17 cold stress ( Fig 5B) , indicating that RCAR5 is induced by cold stress via an ABA- Cold stress triggers leaf wilting and stomatal closure (Ruelland & Zachowski, 2010 , 23 Wilkinson et al., 2001 . Consistent with our qRT-PCR data ( Fig 5B) , RCAR5 expression was 24 not induced in leaves treated with ABA, but was strongly induced by dehydration (Appendix Fig S5E) . Hence, RCAR5 expression may be triggered by cold stress-induced leaf 1 dehydration in an ABA-independent manner. In comparison with WT plants, Pro35S:RCAR5 2 plants showed enhanced tolerance to dehydration stress via decreased transpirational water 3 loss from the leaves (Appendix Fig S5F and G) and increased ABA-induced stomatal closure 4 (Lim & Lee, 2015). We conducted phenotypic analysis of Pro35S:RCAR5 plants in response 5 to cold stress. After 24 h incubation at 4°C, WT plants were wilted, but there were no 6 phenotypic differences between Pro35S:RCAR5 plants and non-treated plants ( Fig 6A) . ABA; hence, we postulated that Pro35S:RCAR5 plants show enhanced tolerance to freezing 4 stress. We exposed 3-week-old WT and Pro35S:RCAR5 seedlings to freezing temperature 5 (approx. −4 to −6°C) for 1 h. After transfer to 24°C for 2 days, the survival rate of 6 Pro35S:RCAR5 seedlings was higher than that of WT; in comparison with Pro35S:RCAR5 7 seedlings, WT seedlings were severely wilted and did not survive ( Fig 6G and H) . Under 8 cold stress conditions, the cellular membrane is frequently damaged because of cold stress-9 induced dehydration (Steponkus, 1984 , Uemura et al., 1995 . The degree of membrane 10 injury in plants can be evaluated by relative electrolyte leakage (Steponkus, 1984) .
11
Consistently, our Pro35S:RCAR5 seedlings showed significantly lower electrolyte leakage 12 than WT plants ( Fig 6I) .
13
Next, we selected 12 representative genes-CBF1-3 (AT4G25490, AT4G25470,
(AT3G21960, AT5G15970)-associated with cold stress, dehydration, and ABA signaling.
17
We analyzed the expression patterns of these genes in response to cold stress (4°C). With 18 the exception of DREB2A and COR47, the expression levels of the investigated genes were 19 higher expressed in Pro35S:RCAR5 transgenic lines than in WT plants under normal growth 20 conditions. Moreover, the different expression levels between the two plant lines were still 21 observed after cold stress treatment (Appendix Fig S7A) . Our results suggest that high RCAR5 overexpression in ABA-insensitive abi5 and Pro35S:HAB1 mutant plants did not 1 lead to a similar expression pattern in response to cold stress (Appendix Fig S7B and C) .
2
Our data indicate that upregulation of cold, dehydration, and/or ABA-induced genes may 3 contribute to enhanced tolerance of Pro35S:RCAR5 transgenic lines to cold stress. Pro35S:RCAR5/aba1-6 and aba1-6 mutant plants in response to cold stress conditions;
14
hence, in further studies, we used only Pro35S:RCAR5/aba1-6 and aba1-6 plant lines.
15
Under normal growth conditions, leaf temperatures were slightly higher in
16
Pro35S:RCAR5/aba1-6 than in aba1-6 plants, but the difference was not significant; however, 17 after cold stress treatment (4°C for 3 h), leaf temperatures were significantly higher in
18
Pro35S:RCAR5/aba1-6 plants than in aba1-6 plants ( Fig 7A and B) . After a further 3 h of 19 incubation, Pro35S:RCAR5/aba1-6 plants were less wilted than aba1-6 plants ( Fig 7C) .
20
Similar to Pro35S:RCAR5 plants, this physiological characteristic of Pro35S:RCAR5/aba1-6 21 plants contributed to enhanced survival rates after freezing treatment (−4°C for 1 h) ( Fig 7D) .
22
However, qRT-PCR analysis revealed that expression levels of the ABA-, dehydration-, and 23 cold-responsive genes RD29B, RAB18, KIN1, COR47, and COR15A did not differ 24 significantly between Pro35S:RCAR5/aba1-6 and aba1-6 plants in response to cold treatment (4°C for 6 h) ( Fig 7E) , and this may be derived from ABA deficiency. Our data 1 suggest that cold stress induces stomatal closure via an ABA-independent pathway involving 2 RCAR5. , 2011 , Gonzalez-Guzman et al., 2012 , Hao et al., 2011 , Zhao et al., 2016 , 11 Zhao et al., 2013 , Zhao et al., 2014 . Our data provide a new insight into the involvement of 12 RCAR5 in cold stress responses, including delay of seed germination and rapid stomatal 13 closure via ABA-dependent and ABA-independent pathways, respectively ( Fig 7F) . et al., 2002 et al., , Xiong et al., 2001 . Dominant-negative mutants of ABI1 (abi1-1) and
23 ABI2 (abi2) and a mutant defective in three SnRKs (snrk2.2, snrk2.3, and snrk2.6) showed 24 reduced seed dormancy, consistent with their negative and positive roles in ABA signaling, respectively (Fujita et al., 2009 , Ma et al., 2009 , Nakashima et al., 2009 , Park et al., 2009 .
1 Hence, we predicted delayed seed germination of Pro35S:RCAR mutants under cold stress 2 conditions. Consistently, germination of Pro35S:RCAR5 seeds was markedly delayed under 3 cold stress conditions (Fig 2A and B) . Germination was also delayed in Pro35S:RCAR2 4 seeds, but less markedly than in Pro35S:RCAR5 seeds. Our data suggest that the depth of 5 seed dormancy under cold stress conditions may be only partly derived from ABA sensitivity.
6
This discrepancy between ABA sensitivity and seed dormancy was also observed in the 
15
RCAR5-mediated seed dormancy was blocked by ABA deficiency derived from NF treatment 16 and loss-of-function of ABA1 (Fig 3) and was regulated by HAB1-a downstream component 17 of RCAR5 in ABA signaling (Fig 4A and B) . In addition, dry and imbibed Pro35S:RCAR5
18 seeds showed high expression levels of ABA-responsive genes, suggesting that germination 19 was delayed by enhanced ABA signaling ( Fig 2D) . Consistently, RCAR5 expression in dry 20 seeds was ABA dependent and decreased significantly during seed germination ( Fig 1A and 2
In contrast to the expression pattern in dry seeds, RCAR5 expression in leaf tissues was 3 much weaker than that of other RCAR gene family members and was not influenced by ABA 4 deficiency ( Fig 5C and D) . Nevertheless, RCAR5 expression was significantly upregulated in 5 response to cold stress, whereas expression of RCAR7, RCAR8, RCAR10, RCAR11, 6 RCAR12, and RCAR13 was downregulated ( Fig 5A) . RCAR5 expression was also induced 7 via an ABA-independent pathway: Under cold-stress conditions, ABA-deficient aba1-6 and 8 ABA-insensitive abi5 mutants showed similar RCAR5 expression patterns to WT plants (Fig   9   5B ). Moreover, RCAR5 expression was influenced by dehydration, but not by ABA treatment
10
(Appendix Fig S5E) . Some RCARs-including RCAR1, RCAR3, and RCAR10-inhibit
11
PP2Cs in the absence of ABA (Hao et al., 2011) . Hence, we predicted that RCAR5 functions Pro35S:RCAR3 mutants did not show enhanced stomatal closure in response to cold stress
19
(Appendix Fig S6A-C) . We further showed that leaf temperatures of loss-of-function mutants 20 of HAB1 and PP2CA-which can interact with RCAR5-did not differ significantly from those 21 of WT plants in response to cold stress (Appendix Fig S3E-H) . However, we cannot rule out 22 the involvement of a pleiotropic effect of Pro35S:RCAR5 plants and functional redundancy of 23 HAB1 and PP2CA. We questioned whether cold-stress induced rapid stomatal closure in showed ABA hypersensitivity and ABA acts as the main signal for triggering stomatal closure, 1 hence, the involvement of ABA in the process remains unclear. Previous studies have 2 suggested that cold stress triggers ABA biosynthesis and that ABA plays an important role in 3 the cold stress response-in particular cold acclimation, as shown in ABA-deficient and ABA-4 insensitive mutants (Kushiro et al., 2004 , Lång et al., 1994 , Thomashow, 1999 , Xiong et al., 5 2001 . For example, ABA-deficient mutants aba1 and aba3 showed impaired freezing 6 tolerance characterized by low expression levels of ABA-responsive genes that may function 7 in cold stress (Xiong et al., 2001) . Additionally, application of exogenous ABA triggers cold 8 acclimation and enhanced freezing tolerance in Arabidopsis (Thomashow, 1999) . However,
9
ABA biosynthesis seems not to be an early event in the cold stress response. In Arabidopsis, 
16
In addition, RCAR5 overexpression in aba1-6 mutants led to enhanced stomatal closure in 17 response to cold stress. Our data imply that RCAR5 is induced in response to cold stress 18 and contributes to cold stress-induced stomatal closure via an ABA-independent pathway.
19
Thus, our study provides evidence for two different functions of RCAR5 via ABA-20 dependent and ABA-independent pathways in plant tissues such as seeds and leaves.
21
However, the precise function of RCAR5 in the cold stress response remains unclear.
22
Further studies to elucidate the functional interactions RCAR5-HAB1 and PP2CA-OST1 in 
16
For freezing tolerance assays, 3-week-old Arabidopsis seedlings were exposed to 4 ± 17 1°C for 0.5 h, followed by 1°C for 1 h. To set experimental temperatures, the temperature 18 was incrementally decreased by 2°C over a period of 30 min and maintained for 1 h. After
19
freezing treatment, plants were incubated at 4 ± 1°C in the dark for 12 h and then transferred 20 to normal growth conditions. The survival rate after 4 days was measured.
21
For thermal imaging analysis, 2-week-old Arabidopsis seedlings were subjected to cold Ding et al., 2015) . For cold acclimation, 2-week-old plants grown in soil were treated at 5 4 ± 1°C for 2 days and then exposed to −4°C for 1 h prior to an electrolyte leakage test. Leaf 6 samples were detached from each plant line and placed into tubes containing 20 mL of 7 deionized water (S0). Following shaking for 12 h at room temperature, the conductivity of the 8 samples was measured (S1). After autoclaving for 15 min, the tubes were shaken for 1 h and 9 the conductivity was measured (S2). Electrolyte leakage of each sample was calculated 10 using the formula S1 -S0/S2 -S0. Hercules, CA) with iQTMSYBR Green Supermix and specific primers (Appendix Table 1 ). All 21 reactions were performed in triplicate. The relative expression level of each gene was 22 calculated using the ∆∆Ct method, as described previously (Livak & Schmittgen, 2001) . The
23
Arabidopsis actin8 gene (AtACT8) was used for normalization.
25
Stomatal aperture bioassay 1
The stomatal aperture bioassay was conducted as described previously, but with some 2 modifications (Lim et al., 2014) . Briefly, leaf peels were collected from the rosette leaves of Yeast two-hybrid analysis was performed as described previously (Lim & Lee, 2016) . The
14
coding sequences of RCAR5 as bait or ABI1, HAB1, AHG1, and PP2CA as prey were 15 subcloned into pGBKT7 or pGADT7, respectively. Using the lithium acetate-mediated 16 transformation method, these bait and prey pairs were co-transformed into yeast strain 17 AH109. To evaluate the interaction between them, transformant candidates were screened 18 on SC-Leu-Trp and SC-Ade-His-Leu-Trp media.
20
Bimolecular fluorescence complementation assay
21
The bimolecular fluorescence complementation (BiFC) assay was performed as described tobacco leaves, via a mechanism that involves apoplastic calcium but not abscisic acid. 
18
A RCAR expression in response to cold stress. Three-week-old Arabidopsis Col-0 plants 19 were exposed to 4°C and rosette leaves were harvested at the indicated time points. Actin8 20 was used as an internal control for normalization. COR15A was used as a positive control 21 for cold stress treatment. The expression level of each gene at 0 h was set to 1.0.
22
B RCAR5 expression pattern in ABA-deficient mutants aba1-6 and aba1-3 and ABA- 
17
G, H Freezing tolerance of Pro35S:RCAR5 and WT plants. Three-week-old seedlings of 18 each plant line were exposed to freezing temperatures as indicated. After recovery at 24°C 19 for 2 days, representative images were taken (G) and the survival rate of each line was 20 counted (H).
21
I Electrolyte leakage of Pro35S:RCAR5 and WT plants. For freezing treatment, 3-week-old 22 seedlings were exposed to −4°C for 1 h. All data represent mean ± SD of three independent 23 dark at 4°C. (D) Vertical growth of Pro35S:RCAR5, hab1, pp2ca-1, and WT plants exposed 1 to ABA or LT. Seeds of each plant were plated on 0.5 MS medium supplemented with 0 μM 2 or 0.75 μM ABA and germinated under normal or cold stress conditions. Scale bar = 1 cm.
3
Representative images were taken at 8 DAI (for ABA) and 18 DAI (for LT). Arabidopsis ecotype Col-0. Actin8 was used as an internal control for normalization, and the
